In animals, acetylcholine dilates normal arteries and produces vasoconstriction in the presence of hypercholesterolemia, hypertension, or atherosclerosis, reflecting endothelial cell dysfunc- (Circulation 1990;81:491-497) In animals, acetylcholine produces endotheliumdependent dilation of normal arteries and vasoconstriction in pathologic states such as hypersee p 697 cholesterolemia, hypertension, or atherosclerosis.1-9 Clinical studies have shown that intracoronary acetylcholine infusion constricts atherosclerotic coronary arteries.9-11 Smooth segments may also constrict in patients with coronary artery disease evident in
In animals, acetylcholine produces endotheliumdependent dilation of normal arteries and vasoconstriction in pathologic states such as hypersee p 697 cholesterolemia, hypertension, or atherosclerosis. [1] [2] [3] [4] [5] [6] [7] [8] [9] Clinical studies have shown that intracoronary acetylcholine infusion constricts atherosclerotic coronary arteries.9-11 Smooth segments may also constrict in patients with coronary artery disease evident in other vessels, possibly reflecting early atherosclerosis.11 In patients with angiographically "normal" coronary arteries, the vasomotor response to intracoronary acetylcholine is heterogeneous: both dilation and constriction have been reported. [10] [11] [12] [13] This study examines the hypothesis that coronary risk factors disturb endothelial function and may thereby influence the response to intracoronary acetylcholine in patients with angiographically smooth coronary arteries. Methods 
Patients
Prior studies have shown that coronary arteries with luminal irregularities or significant stenoses constrict in response to intracoronary acetylcholine infusion.10"11 '13'14 To examine the relation between coronary risk factors and the acetylcholine response while avoiding the dominant effects of angiographic evidence of atherosclerosis, only patients with smooth coronary arteries were included in this study.
Between January 1985 and April 1989, the response to intracoronary acetylcholine was studied in 106 patients. Only 34 of these patients had angio-graphically normal coronary arteries. These patients had been referred by their primary cardiologist for cardiac catheterization to exclude coronary artery disease. All had chest pain that was After completion of the diagnostic study, an additional dose of heparin 5,000 units was given intravenously (for a total of 10,000 units). An 8F standard angioplasty guiding catheter was positioned in the ostium of the left main coronary artery. Through the guide, a 2.5F infusion catheter was positioned in the proximal left anterior descending or circumflex coronary artery (one patient).
Serial infusions at 0.8 ml/min were made selectively into the coronary artery in the following sequence using an infusion pump (Harvard Apparatus, South Natick, Massachusetts): 1) 2-minute control infusion (5% dextrose in sterile water); 2) three 2-minute acetylcholine infusions with a final estimated intracoronary concentration of 10-8 to 10-6 M, assuming coronary blood flow to be 80 ml/minl7; 3) 5-minute repeat control infusion; 4) nitroglycerin infusion of 40 gg during 2.5 minutes. Throughout the protocol, heart rate, central aortic pressure, and the electrocardiogram (lead I) were monitored continuously. If marked coronary constriction was observed during acetylcholine infusion, the higher doses of acetylcholine were omitted.
Quantitative Angiography
At the end of each infusion, biplane quantitative coronary angiography was performed with a previously validated technique16'18'19: Nonionic contrast (Omnipaque 350, Wintrop Breon Laboratories, New York, New York) was injected into the left coronary artery at 5-7 ml/sec for a total of 8-10 ml with a power injector (Medrad, Pittsburgh, Pennsylvania) to standardize vessel opacity. The biplane system (Polydiagnost-C, Phillips Medical Systems, Shelton, Connecticut) was set up to position the studied vessel in the center of each field of view and at a single position in space (isocenter).
Vessel morphology was judged by two experienced cardiologists unaware of patient identity, coronary risk factors, and vasomotor responses. Patients with angiographically smooth coronary arteries were included in the study. Technically suitable singleplane angiograms were selected from the biplane views for analysis. In each patient, two or three available segments in the middle to distal vessels, 10-25 mm in length, were analyzed. Each segment was centered and the single-frame cineimage was digitized ,gm/pixel) with the use of a video camera (Cohu, San Diego, California) connected to a video interface (Recognition Concepts, Incline Village, Nevada) and a Microvax II computer (Digital Equipment, Maynard, Massachusetts). Two line profile averaging was used to minimize anatomic noise, and 16 video images were summed to minimize video noise. Four cineframes in end diastole were scanned and averaged, with two anatomic features used to ensure accurate alignment. Calibrated grids in the field of view were used to scale the data from pixels to millimeters. A series of measurements of diameter were recorded for the length of the arterial segment. Two anatomic features were used to reproduce the segment of interest after each drug infusion and to assess serial changes in vessel diameter. The 2-mm segment that showed the greatest mean diameter change at peak acetylcholine (either dilation or constriction) was chosen, and the response of this segment was used for calculation of the acetylcholine response of the patient. In each patient, the response of the 2-mm segment had the same directional change as the entire 10-25-mm segment. In five patients, a 6-8-mm segment distal to the catheter infusion site was analyzed. In these patients, the changes in vessel diameter were determined with the method described and validated by Mancini et al. 19 
Data Analysis
The vasomotor response to intracoronary acetylcholine infusion was analyzed in two ways and yielded similar results. First, the slope of the dose-response relation to acetylcholine was examined to correct for the fact that a few patients did not receive all three doses of acetylcholine. In the dose range of acetylcholine used in this study, a linear relation occurred between acetylcholine dose and the percent change in vessel diameter. Because of marked constriction at the lower acetylcholine doses, the 10-6 M dose was omitted in three patients. In five patients, the 10 8 M dose was omitted to limit the angiographic contrast load. Using linear regression, the slope of the acetylcholine doseresponse relation (% change in coronary diameter/log [acetylcholine]) was calculated from the available doses for each patient, and this parameter was related to the presence of coronary risk factors. A positive slope (increasing diameter with increasing acetylcholine dose) reflects dilation, and a negative slope (decreasing diameter with increasing acetylcholine dose) reflects constriction of the coronary segment.
Second, the analysis was performed with the response to a single acetylcholine dose. Thirty-three patients received acetylcholine 10`' M, and the relation between coronary risk factors and the percent diameter change at this dose was examined.
Statistical Analysis
Univariate analysis of the effects of coronary risk factors on the acetylcholine response was performed with linear regression for continuous variables (cholesterol level, age, blood pressure at time of study, diameter response to nitroglycerin, and baseline diameter), and one-way analysis of variance was performed for categorical variables (history of hypertension, family history, smoking, and sex). The interaction between risk factors and acetylcholine response was then examined using multiple step-wise regression analysis.
The number of coronary risk factors was considered a continuous variable and compared with the acetylcholine response by linear regression analysis. To calculate the number of risk factors, cholesterol level greater than 210 mg/dl,-age greater than 40 years, male sex, positive family history of coronary disease, hypertension, and cigarette smoking were considered to be risk factors.
The nitroglycerin response and response after repeat control infusion were compared with control responses using the paired t test.
The standard deviation of the slope of the acetylcholine dose-response relation was calculated for each patient, and the mean standard deviation for all patients was calculated to assess the variability of these slopes.
Statistical significance was assumed when the null hypothesis could be rejected at the 0.05 probability level. All values are expressed as mean±+SD.
Results

Hemodynamic Response
Acetylcholine had no effect on heart rate, systemic arterial pressure, or the electrocardiogram in any patient. No patient developed chest pain or any other adverse effects. Resting left ventricular filling pressure (pulmonary capillary wedge pressure or left ventricular end-diastolic pressure) was measured in 23 patients and ranged from 4 to 19 mm Hg (mean, 10+4 mm Hg). Linear regression analysis showed that the acetylcholine response was independent of left ventricular filling pressure (r=0.18, p=NS).
Diameter Responses
Acetylcholine infusion produced segmental changes in coronary diameter, with marked changes in some regions of the vessel and minimal change in others. However, no patient had both marked constriction and dilation within the same vessel. For the entire group of 34 patients, the maximum diameter response ranged from +37% (dilation) to -53% (constriction). The slope of the dose-response curve to acetylcholine in the maximally responding segment ranged from + 13% to -25% change in diameter/log [acetylcholine] (mean, -4.3+10.8%) ( (Table 1) .
Univariate analysis revealed a negative correlation between the acetylcholine response and serum cholesterol level (r= -0.58, p=0.0003) (Figure 1) , and age (r= -0.44, p=0.01) (Figure 2 The analysis was repeated after excluding the two patients with a decreased left ventricular ejection fraction, and the same significant relation between number of risk factors and acetylcholine response was observed (r=-0.71,p<0.0001). Discussion This study showed that there is a significant relation between coronary risk factors and the vasomotor response to intracoronary acetylcholine infusion in patients with angiographically smooth coronary arteries. In this group of 34 patients, the response was heterogenous and ranged from 37% dilation to 53% constriction. All vessels dilated in response to intracoronary nitroglycerin, a direct smooth muscle dilator, suggesting a disturbance of endothelial cell function in the constricting vessels. A constrictor response to acetylcholine was independently associated with increasing serum cholesterol, male gender, positive family history of coronary artery disease, and patient age. The number of risk factors for coronary artery disease was the best predictor of the response to intracoronary acetylcholine.
In animals, a number of pharmacologic agents, including acetylcholine, dilate normal arteries by stimulating the release of endothelium-derived relaxant factor(s) (EDRF).'-9 Acetylcholine also constricts vascular smooth muscle, and the net acetylcholine response is believed to result from these two opposing actions.1 Mechanical denudation and pathologic states affecting the endothelium impair the vasodilator response or convert it to a vasoconstrictor response.'-9 Loss of the vasodilator response to acetylcholine has been shown in animal models of atherosclerosis and in atherosclerotic human coronary arteries studied in vitro.6-9 Sreeharan et a120 suggested that the mechanism of impaired vasodilator function in atherosclerosis is failure of EDRF release rather than impaired diffusion of EDRF or hypersensitivity of vascular smooth muscle to the direct effects of acetylcholine.
Coronary risk factors are known to impair endothelium-dependent vasodilation in experimental studies. Cholesterol-fed animals develop selective attenuation of endothelium-dependent vasodilation before and after developing histologic evidence of frank atherosclerosis.23,6-9 Even a brief incubation (30 minutes) of rabbit aorta with low-density lipoprotein (LDL) inhibits the vasodilator response to acetylcholine.2 However, the serum level of cholesterol in these studies far exceeds those usually observed in patients. In animals, chronic and acute elevation of blood pressure disturbs endothelium-dependent vasodilation.45 Age may also be a factor because older rats have an impaired acetylcholine dilator response when compared with younger animals. 21 Hodgson, using methylene blue (an inhibitor of the action of EDRF) suggested that acetylcholine is capable of releasing EDRF in humans. 22 In clinical studies, intracoronary acetylcholine infusion constricts coronary arteries when there is angiographic evidence of atherosclerosis in the studied vessel.10-12 However, controversy exists regarding the response of "normal" coronary arteries.101113 Furchgott1 described the endothelium-dependent vasomotor response of arteries to acetylcholine in vitro throughout a specific dose range. Variation in dose and rate of acetylcholine infusion may account in part for the reported heterogenous response in patients. 10'11,13 In addition, classification of patients with mild, nonocclusive coronary disease as normal may also explain the variation in observed response. 13 (Figure 3) . Thus, despite the overall correlation, there appears to be variation in the susceptibility of the individual patients to these coronary risk factors. In cardiac transplant patients, a constrictor response to acetylcholine predicted the subsequent development of diffuse coronary atherosclerosis.16 In patients with coronary artery disease, the acetylcholine response possibly relates to the susceptibility of the endothelium and vessel wall to the prevailing risk factors.
Limitations of the Study
A limitation of this study is the relatively small number of patients studied compared with epidemiologic trials such as the Framingham Study. It is possible that a significant independent correlation between the acetylcholine response and smoking and history of hypertension would be shown with a larger sample size. Despite this problem, highly significant relations were observed between the acetylcholine response and the other risk factors.
We cannot exclude the unlikely possibility that use of low osmolar contrast medium resulted in damage to the endothelium in patients with coronary risk factors but not in those without.
Conclusions
Patients with angiographically smooth coronary arteries and few risk factors for coronary disease tend to have coronary vasodilation in response to intracoronary acetylcholine infusion, whereas patients with the same apparently "normal" coronary arteries and 
